a2 United States Patent

Miura

US009130480B2

US 9,130,480 B2
Sep. 8, 2015

(10) Patent No.:
(45) Date of Patent:

(54) DEVICE FOR APPLYING HIGH VOLTAGE
USING PULSE VOLTAGE, AND METHOD OF
APPLYING HIGH VOLTAGE

(75) Inventor: Tomonori Miura, Gunma (JP)

(73) Assignee: Sawafuji Electric Co., Ltd., Gunma
(IP)

(*) Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35

U.S.C. 154(b) by 637 days.

(21) Appl. No.: 13/395,905

(22) PCT Filed: Nov. 24, 2010

(86) PCT No.: PCT/IP2010/070906

§371 (D),

(2), (4) Date:  Apr. 12,2012

(87) PCT Pub. No.: WO02011/065370
PCT Pub. Date: Jun. 3,2011

(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited

FOREIGN PATENT DOCUMENTS

JP 2001-035693 A 2/2001

JP 2005-063760 A 3/2005

JP 2005-340185 A 12/2005

JP 2008-167584 A 7/2008
OTHER PUBLICATIONS

Kim et al., “A Novel SLLC Series Resonant Converter for The Boost
DC/DC Converter”, thesis published Feb. 2007, pp. 56-64.

Primary Examiner — Rexford Barnie
Assistant Examiner — David Shiao

(74) Attorney, Agent, or Firm — Carrier Blackman &
Associates, P.C.; Joseph P. Carrier; William D. Blackman

57 ABSTRACT
(65) Prior Publication Data A device for applying a high voltage using a pulse voltage is
provided which applies a high voltage having a pulse widtht,
US 2012/0223596 Al Sep. 6,2012 to a capacitive load (1) through a pulse transformer (4), the
(30) Foreign Application Priority Data high voltage having pulse-like peaks with a steep leading
edge, wherein a capacitance C, of the capacitive load (1) and
Nov. 24,2009  (JP) oo 2009-265941 a secondary side leakage inductance L, of the pulse trans-
former (4) satisfy the equation: L,=(t,/m)*x(1/C,). This
(51) Int.ClL enables enlargement of the pulse-like peaks and application
HO3K 3/017 (2006.01) of any pulse repetition frequency when the high voltage hav-
HO2M 7/5387 (2007.01) ing the pulse-like peaks is applied to the capacitive load
(52) US.CL through the pulse transformer.
2 p
CPC ... H02M 7/53871 (2013.01); HO3K 2217/0045
(2013.01) 3 Claims, 7 Drawing Sheets
__9
o 8 o~ 18
SHORT PULSE GATE DRIVE
Smour o =GRl |
N T T
G4 63

i cT

(;z—-' @ 74 E é
1 :

Ny

H BBR
| ] Load

I
I

:

DC VOLTAGE SUPPLY CIRCUIT

SWITCHING CIRCUIT 4



US 9,130,480 B2

Sheet 1 of 7

Sep. 8, 2015

U.S. Patent

N

HIWHO4SNVYH L 387Nd

€

<

P .M.SOWHW .ﬁ..lﬁwm.m@;w :::::::::: LINOHID AddNS FDVLTIOA 0d

m m
; vHs T £HS |
1 | |
pEOT w "
G8a ! |
m m “
N | 2iS T% LAS |
L m : ——t 1D
e e e e e e e ]
Y0.103130 LNIHHND
G TN
TNoum
9 N yIETdnY
£9 9 .
Py 19 TNouo
4 4 il =
1INOYI0
TNodio  — - N4
—  NOLLVYINTD [
\.em\\VEQ 31V 3890y LHoHe HOLYTIDSO



U.S. Patent Sep. 8, 2015 Sheet 2 of 7 US 9,130,480 B2

FI1G.2

TIMING CHART

(1) OSCILLATOR CIRCUIT
OUTPUT SIGNAL 1

0

OSCILLATOR CIRCUIT ‘ IR
OUTPUT SIGNAL 2
o

SHORT PULSE “] m

GENERATION CIRCUIT
OUTPUT SIGNAL 1 0

SHORT PULSE H ﬂ

GENERATION CIRCUIT
OUTPUT SIGNAL 2 0

(B) SW1 GATE SIGNAL @E H

SW2 GATE SIGNAL ‘]

(D SW3 GATE SIGNAL

0
(8) SW4 GATE SIGNAL T m
. |
0BD LOAD OUTRUT |\ {KL\N\» M
0 -



US 9,130,480 B2

Sheet 3 of 7

Sep. 8, 2015

U.S. Patent

FI1G.3

{FF




U.S. Patent Sep. 8, 2015 Sheet 4 of 7 US 9,130,480 B2

FIG.4
. (\ v
e . N
o~ g’? "i {} ?ﬁ A ﬁ i
H W0
S/ . J
° . L1
620 — -
ﬁﬁf i
AAAAAS
; 77
OR ﬂ
B CIRGUIT
-2
! kY
o :
-~ o
AAAPAS % g
‘ |
| /J / I ‘\g 3
621 ™
711 |
AAARAA
7 i




US 9,130,480 B2

Sheet S of 7

Sep. 8, 2015

U.S. Patent

OlLvH ALNG =

%0 %SC %08 0 I - 0
, %
%
p— ! —
i !
L]
]
i
m
1
¢
}
¢
M [N
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, PPN S S W S A
§
' NOIDIY
L 1INIYENO HSNYNI
i
i
i e e 1N> sssssssssssssss wﬂ% sssssssssssssssssssssssssssssssssss
e £
&,\iﬁsm ]
Cn. W W
Fo NOIDIY LNIHUND
<e A 1INOWID 1MOHS A
=i
¢
o
)




U.S. Patent

Sep. 8, 2015 Sheet 6 of 7

US 9,130,480 B2

3

i

;9?§§§ ] ¥

WY W e o % W o @ W %w @ B W w W @ W

3 *!Jﬂ&&i A ]

éﬁlal_J_i

b

- 100V

%g??‘é T CONSTANT -

i

I AU T

THANSFORMER OUTPUT VOLTAGE [kVpp]
/

TRANSFORMER SECONDARY SIDE
LEAKAGE INDUCTANCE [H]

OUTPUT VOLTAGE [kV]




U.S. Patent Sep. 8, 2015 Sheet 7 of 7 US 9,130,480 B2

g ‘!~ [ E H i % ¥ T ¥ H g 1 H ¥
» . PULSE REPETITION
N 2004 s fl FREQUENCY Skpps
Ls= 60.7mH
3@ IR Cy = 200p¥ -

OUTPUT VOLTAGE [kV]
m i

§ S S R U TN NUNY SUN SN SR U DU N W M T N T

g % f] T E) s ¥ ¥ ¢ ¥ " ki ¥ ¥ # ‘ k] H i

L e
ey
-

N b -
Lt

-

]

e

OUTPUT VOLTAGE




US 9,130,480 B2

1
DEVICE FOR APPLYING HIGH VOLTAGE
USING PULSE VOLTAGE, AND METHOD OF
APPLYING HIGH VOLTAGE

TECHNICAL FIELD

The present invention relates to a device for applying a high
voltage using a pulse voltage, and a method of applying the
high voltage, foruse as a plasma generation power source that
is used for the generation of ozone, etc.

BACKGROUND ART

A plasma generation power source device that is used for
the generation of ozone, etc. is known. As this type of power
source device, Patent Document 1 or Patent Document 2 is
known. On the other hand, with regard to a device for apply-
ing a high voltage, the present applicant filed an application as
shown in Patent Document 3 on 28 Dec. 2006.

The arrangements shown in Patent Document 1 and Patent
Document 2 use, in order to apply a high voltage to a capaci-
tive load, a transformer to which is supplied an alternating
voltage corresponding to a sine wave so to speak, and are
constructed such that, with respect to the capacitive load
connected to the secondary side of' said transformer, an induc-
tance is connected to said capacitive load, an alternating
voltage having a frequency corresponding to the resonant
frequency of said capacitive load and said inductance being
supplied to the transformer.

On the other hand, in Patent Document 3, under an arrange-
ment in which a capacitive load is connected via a pulse
transformer, a so to speak triangular-shaped waveform high
voltage having a steep leading edge and gradual trailing edge
is generated, and a high voltage is applied using an alternating
pulse wave voltage having a predetermined repetition period.

In addition, with regard to a device that applies a high
voltage to said capacitive load, a method in which, when for
example removing nitrogen oxides (NO,) or sulfur oxides
(SO,) in combustion exhaust gas, low temperature plasma
such as a streamer discharge or a glow discharge is used has
been considered, and it is used as means for removing nitro-
gen oxides or sulfur oxides in this case.

RELATED ART DOCUMENTS
Patent Documents

Patent Document 1: Japanese Patent Application Laid-open
No. 2005-340185

Patent Document 2: Japanese Patent Application Laid-open
No. 2005-63760

Patent Document 3: Japanese Patent Application Laid-open
No. 2008-167584

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

In the arrangement disclosed in Patent Document 3, a
switching element is used as a power source device so as to a
apply triangular wave voltage having a steep leading edge via
apulse transformer. However, there is a limit in circuit design
for making the leading edge steep, and the rise time T (rise)
(time required for leading edge) of a waveform includes a
delay due to circuit design, as described in F1G. 3 later therise
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time T (rise) (period of (a) in the drawing) of a waveform
being given by

I(rise)=T(rdelay)+5t(rise)

T(r-delay): total of leading edge delay time of PWM
switching regulator IC, one-shot IC, photocoupler, and
semiconductor switching element SW

T(rise): time constant due to equivalent capacitance C of
capacitive load 1 and combined resistance value R, of
switching circuit, current limiting inductance, pulse
transformer, wiring, etc. (since multiplying said time
constant by ‘4.605’ gives a value that is 99% of the peak
value, multiplying the time constant by ‘5’ is defined as
giving the time for it to attain the peak value).

It is an object of the present invention to generate a higher
voltage and apply any pulse repetition frequency to a capaci-
tive load under an arrangement in which an alternating volt-
age having a predetermined period pulse component is
applied, disclosed in Patent Document 3 above, irrespective
of a so-called resonance phenomenon disclosed in Patent
Document 1 and Patent Document 2 above.

Means for Solving the Problems

FIG. 1 shows the arrangement of one embodiment of the
entirety of the present invention.

Inthe drawing, reference numeral 1 is a capacitive load that
is a dielectric barrier discharge reactor (DBD Load), in which
gas is excited by discharge to thus generate a plasma, 2isa DC
voltage supply circuit having a rectifying circuit and a
smoothing circuit, 3 is a switching circuit that forms an
inverter using a plurality of switching elements SWi, and 4 is
a pulse transformer.

A switching element SWi preferably employs a MOS-FET,
but a semiconductor switching element such as an IGBT or a
transistor may be used.

Furthermore, 5 is a current detector, 6 is an amplifier circuit
that gives a proportional voltage component that is propor-
tional to a detected DC current component and an integrated
voltage component that is formed by integrating said DC
current component with a predetermined time constant, and 7
is an OR circuit that extracts the larger component between
the proportional voltage component and the integrated volt-
age component.

Moreover, 8 is an oscillator circuit that oscillates so as to
produce rectangular pulses having a duty ratio of for example
50%, but is controlled with a set period so as to output rect-
angular pulses having a duty ratio of 50% or less, for example
25% rectangular pulses, in response to the level of the output
of'the OR circuit 7, and is set so as to output rectangular pulses
having a duty ratio of 0% (that is, oscillation stopped) when
the output of the OR circuit 7 exceeds a limit.

Further, 9 is a short pulse generation circuit that generates
rectangular pulses having a predetermined duty ratio of for
example 10% with the leading edge point of the output from
the oscillator circuit 8 as a reference. Furthermore, 10 is a gate
drive circuit that receives an output from the short pulse
generation circuit 9 and generates a gate control signal for the
switching element SWi.

In the switching circuit 3, in principle, when the switching
elements SW1 and SW4 are turned ON, current flowing
through the pulse transformer 4 from the top to the bottom in
the drawing is supplied, whereas when the switching ele-
ments SW2 and SW3 are turned ON, current flowing through
the pulse transformer 4 from the bottom to the top in the
drawing is supplied. That is, a positive-going triangular wave
and negative-going triangular wave having a steep leading
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edge and a relatively gradual trailing edge are applied to the
capacitive load 1 so as to correspond to the oscillation fre-
quency of the oscillator circuit 8.

In other words, since the duty ratio of the rectangular
pulses from the short pulse generation circuit 9 is a value of
50% or less, the above-mentioned triangular wave having a
steep leading edge and a relatively gradual trailing edge is
applied.

The voltage on the secondary side of the pulse transformer
4 shown in FIG. 1 is the triangular wave voltage, that is, an
alternating voltage having
(1) a pulse wave component corresponding to the steep lead-
ing edge and
(i) a decaying wave component corresponding to the gradual
trailing edge,
said alternating voltage being applied to the capacitive load 1.

In this process, the relationship between a secondary side
leakage inductance L., of the pulse transformer 4 and a pulse
widtht, of the pulse wave component in the present invention
is set so as to be a value that satisfies

L =(y/m?*x(1/C,) M

wherein the capacitance of the capacitive load 1 is C,.

That is, by use of the capacitance C, of the capacitive load
1, the secondary side leakage inductance of the pulse trans-
former 4 is selected by the pulse width T, or the pulse width t,
is determined by the secondary side leakage inductance of the
pulse transformer 4, irrespective of the pulse repetition
period.

Effects of the Invention

In the present invention, an alternating voltage having a
pulse repetition period with a pulse width of T, obtained as a
triangular wave voltage having a steep leading edge, is gen-
erated, the maximum power efficiency and output voltage of
the alternating voltage enable a high voltage to be applied to
a capacitive load at any repetition period, and as a result it
becomes possible to remove for example nitrogen oxides or
sulfur oxides in exhaust gas with a low power input. Further-
more, it becomes possible to make a transformer that supplies
a high voltage to a capacitive load small in size, light in
weight, and low in cost.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows the arrangement of one embodiment of the
entirety of the present invention. (first embodiment)

FIG. 2 shows waveform charts of each section. (first
embodiment)

FIG. 3 shows a high voltage waveform that is applied to a
capacitive load with the ON/OFF timing of a switching ele-
ment. (first embodiment)

FIG. 4 shows a schematic diagram of the principle of an
amplifier circuit and an OR circuit shown in FIG. 1. (first
embodiment)

FIG. 5 is a diagram for explaining the duty ratio of rectan-
gular pulses outputted by an oscillator circuit. (first embodi-
ment)

FIG. 6 is a plot of measurement of pulse transformer output
voltage peak value [kVpp]| against selected secondary side
leakage inductance [H] of the pulse transformer. (first
embodiment)

FIG. 7 is a diagram showing a voltage waveform applied to
the capacitive load 1 shown in FIG. 1 when a pulse trans-
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former secondary side leakage inductance having a value
corresponding to point [ 1] in FIG. 6 is selected. (first embodi-
ment)

FIG. 8 is a diagram showing a voltage waveform applied to
the capacitive load 1 shown in FIG. 1 when a pulse trans-
former secondary side leakage inductance having a value
corresponding to point [3] in FIG. 6 is selected. (first embodi-
ment)

FIG. 9 is a diagram showing a voltage waveform applied to
the capacitive load 1 shown in FIG. 1 when a pulse trans-
former secondary side leakage inductance having a value
corresponding to point [4] in FIG. 6 is selected. (first embodi-
ment)

EXPLANATION OF REFERENCE NUMERALS
AND SYMBOLS

1: Capacitive load
2: DC voltage supply circuit
3: Switching circuit
4: Pulse transformer
5: Current detector
6: Amplifier circuit
7: OR circuit

8: Oscillator circuit

9: Short pulse generation circuit
10: Gate drive circuit

MODE FOR CARRYING OUT THE INVENTION

A mode for carrying out the present invention is explained
below by reference to the attached drawings.

Embodiment 1

The device for applying a high voltage of the present inven-
tion has an arrangement as shown in FIG. 1, and FIG. 2 shows
waveform charts of each section.

[1], [2]: An oscillator circuit 8 oscillates so as to produce
two trains of rectangular pulses having displaced phases.
There is actually a predetermined ‘simultaneous OFF period’
between ‘oscillator circuit output signal 1’ and ‘oscillator
circuit output signal 2°, but in the present specification such a
case is also called a rectangular pulse having a duty ratio of
50% for simplicity.

[3], [4]: A short pulse generation circuit 9 generates short
pulses that rise so as to correspond to the timing of the leading
edge of each of the ‘oscillator circuit output signal 1” and the
‘oscillator circuit output signal 2’ illustrated. That is, it gen-
erates ‘short pulse generation circuit output signal 1’ and
‘short pulse generation circuit output signal 2°.

[5], 161, [7], [8]: Gate signals applied to switching elements
SW1 to SW4 are as illustrated based on the ‘short pulse
generation circuit output signal 1” and the ‘short pulse gen-
eration circuit output signal 2°.

[9]: Positive-going and negative-going triangular waves
having steep leading edges and gradual trailing edges are
applied to a capacitive load via a pulse transformer 4.

FIG. 3 shows the high voltage waveform that is applied to
the capacitive load according to the ON and OFF timing of the
switching elements.

The timing at which the switching elements SW1 and SW4
are turned ON is the point of time when the illustrated (a)
starts, and the timing at which they are turned OFF is the point
of time when the illustrated (b) ends, a rise time T(rise)
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(period of the illustrated (a)) of the waveform shown in FIG.
3 being given by

T(rise)=T(rdelay)+5t(rise)

T(r-delay): total of leading edge delay time of PWM
switching regulator IC, one-shot IC, photocoupler, and
semiconductor switching element SW

T(rise): time constant due to equivalent capacitance C of
capacitive load 1 and combined resistance value R, of
switching circuit, pulse transformer, wiring, etc. (since
multiplying said time constant by ‘4.605” gives a value
that is 99% of the peak value, multiplying the time
constant by ‘5’ is defined as giving the time for itto attain
the peak value),

for example.

Furthermore, a peak voltage holding time T(peak) (period

of the illustrated (b)) is

T(peak)=T(on)-I(rise).

T(on): pulse width set by the short pulse generation circuit
(T(on) is set so that the sum of T(peak) and T(rise) is
smaller than a trailing edge time T(fall), which is
described later).

Furthermore, when the timing at which the switching ele-
ments SW1 and SW4 are turned OFF is defined as the point of
time when the illustrated (c) starts, the trailing edge time
T(fall) (period of the illustrated (c)) of waveform shown in
FIG. 3 is

T(fall)=T(fdelay)+5t(fall)

T(f-delay): total of leading edge delay time of PWM
switching regulator IC, one-shot IC, photocoupler, and
semiconductor switching element SW

T(fall): time constant due to equivalent capacitance C of the
capacitive load 1 and a resistance R of the capacitive
load 1 (in this case also, it is assumed that multiplying by
5’ gives the time for it to attain zero level).

FIG. 4 shows a schematic diagram of the principle of an
amplifier circuit and an OR circuit shown in FIG. 1. Refer-
ence numerals 6 and 7 in the drawing correspond to those of
FIGS. 1, 6-10 and 6-11 denote amplifiers, 6-20 denotes a time
constant circuit having a CR circuit and corresponds to an
integrator circuit section, 6-21 denotes a proportional circuit
section having a resistance circuit, 7-10 and 7-11 denote
diodes, and 7-2 denotes a voltage divider.

A DC current component that is detected by a current
detector 5 and is supplied to the amplifier circuit 6 is inputted
into the amplifier 6-11 via the proportional circuit section
6-21 and is outputted as a proportional voltage component.
The DC current component thus detected is inputted into the
amplifier 6-10 via the integrator circuit section 6-20 and is
outputted as an integrated voltage component.

The two voltage components are inputted into the OR
circuit 7 formed from the diodes 7-10 and 7-11 and the volt-
age divider 7-2, and as is well known the component that has
the larger value is selected, divided, and outputted. This out-
put thus divided is supplied to the oscillator circuit 8 shown in
FIG. 1.

As described above, when the high voltage having the steep
leading edge is applied to the capacitive load 1, a large inrush
current flows into the capacitive load 1. The DC current
component outputted from the current detector 5 shown in
FIG. 1 momentarily increases so as to respond to this inrush
current, but as the inrush current decays the DC current com-
ponent decreases. As a result, when the proportional voltage
component and the integrated voltage component corre-
sponding to the inrush current are supplied to the OR circuit
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7, the output from the voltage divider 7-2 shown in FIG. 4 is,
s0 to speak, a voltage in which only the peak value tempo-
rarily increases.

On the other hand, if a short circuit is generated in the
capacitive load 1, a short circuit current accompanying the
short circuit is sufficiently large and sustained timewise.
From this, in the case of the DC current component that
responds to the short circuit current detected by the current
detector 5, the output from the voltage divider 7-2 of the OR
circuit 7 is a voltage that is sustained over a predetermined
level.

FIG. 5 is a diagram for explaining the duty ratio of the
rectangular pulses outputted by the oscillator circuit.

The arrangement of the oscillator circuit 8 (shown in FIG.
1) and oscillation frequency of the rectangular pulses output-
ted by the oscillator circuit 8 are described later; the duty ratio
of the rectangular pulses produced by the oscillator circuit 8
is set so that, as shown on the left-hand side of FIG. 5, when
the voltage supplied from the above-mentioned OR circuit 7
is no greater than the illustrated v, the duty ratio is 50%, when
the voltage supplied from the OR circuit 7 is v, or greater than
v, the duty ratio is 0% (i.e. this is oscillation is stopped), and
when the voltage supplied from the OR circuit 7 exceeds the
illustrated v, but is less than v, the duty ratio is 25%.

As described above, in the case of inrush current flowing
into the capacitive load 1, as shown by the ‘inrush current
region’ on the left-hand side in F1G. 5, the output from the OR
circuit 7 might momentarily exceed the above-mentioned
voltage v, but does not attain the voltage v, (designed so as
not to attain), but when a short circuit is generated, as shown
by the ‘short circuit current region’ on the left-hand side in
FIG. 5, the output from the OR circuit 7 exceeds the voltage
=

From the above, in the case of the arrangement shown in
FIG. 1, when a short circuit occurs, the oscillator circuit 8
stops oscillating (that is, the duty ratio becomes 0%), whereas
when the inrush current increases to some extent the oscillator
circuit 8 continues to oscillate with the rectangular pulses
having a duty ratio of 50% only temporarily changing to
rectangular pulses having a duty ratio of 25%.

As described above, since the short pulse generation circuit
9 generates short pulses having a predetermined duty ratio
based on the output from the oscillator circuit 8, even if the
duty ratio of the oscillator circuit 8 changes from 50% to 25%
as described above, there is no change in the duty ratio of the
pulse wave supplied to the gate drive circuit 10 illustrated.
However, when a short circuit is generated, the oscillator
circuit 8 stops oscillation, the short pulse generation circuit 9
also stops generating short pulses, and as a result, ON/OFF
operation of the switching elements SW1 to SW4 in the
switching circuit 3 stops.

In the present invention, the value for a secondary side
leakage inductance L., of the pulse transformer 4 is obtained
from

L=(wo/m?*x(1/C})

wherein the capacitance of the capacitive load 1 is C, and the
pulse width of the pulse wave component is T,,.

That is, the secondary side leakage inductance of the pulse
transformer 4 is selected for the pulse width t,, by the capaci-
tance C, of the capacitive load 1 irrespective of the pulse
repetition period.

The ‘secondary side leakage inductance L, of the pulse
transformer 4’ referred to in the present application means an
‘equivalent inductance’ including lead wires on the secondary
side of the pulse transformer 4 and inductive elements (not
illustrated) additionally inserted into the secondary side.
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Furthermore, the short pulse generation circuit 9 is
adjusted so that the pulse width T, of the pulse wave compo-
nent satisfies

=LV,

where the capacitance of the capacitive load 1 is C, and the
secondary side leakage inductance of the pulse transformer 4
isL,.

Moreover, as shown later in FIG. 8, for example, the value
for the secondary side leakage inductance L, of the high
voltage pulse transformer when the pulse width is ©,=10 us
and the load capacitance is C,=200 pF is given by

Ly = (ro/m? x(1/Cy)
=0.0507[H]

= 50.7[mH].

FIG. 6 is a plot of measurement of pulse transformer output
voltage peak value [kVpp] given by selecting the secondary
side leakage inductance [H] of the pulse transformer.

The curve in FIG. 6 is a line smoothly joining the plotted
points.

FIG. 7 to FIG. 9 are diagrams showing the voltage wave-
forms applied to the capacitive load 1 shown in FIG. 1 when
secondary side leakage inductances of the pulse transformer
having values corresponding to points [1], [3], and [4] in FIG.
6 respectively are selected.

FIG. 7 shows the waveform when the secondary side leak-
age inductance of the pulse transformer is displaced in a
direction in which the inductance is decreased from that,
corresponding to the dotted line shown in FIG. 6, at which it
is considered to be an optimum. The waveform denoted by
‘[9] DBD load output’ shown in FIG. 2 is actually observed as
the waveform shown in FIG. 7.

FIG. 8 shows the waveform when itis relatively close to the
secondary side leakage inductance of the pulse transformer
that is considered to be an optimum, which corresponds to the
dotted line shown in FIG. 6.

FIG. 9 shows the waveform when the secondary side leak-
age inductance of the pulse transformer is displaced in a
direction in which it is increased from that, corresponding to
the dotted line shown in FIG. 6, at which it is considered to be
an optimum.

“So as to become a value that corresponds” referred to in
the expression ‘the secondary side leakage inductance of the
pulse transformer being given a value such that half'a cycle of
oscillating voltage generated by the secondary side leakage
inductance of the pulse transformer and the capacitance of the
capacitive load is a value corresponding to the pulse width of
the ON period when the switching element is turned
ON/OFF’ of Claim 1 of the present application means that the
secondary side leakage inductance of the pulse transformer is
selected so as to be within a range of point [1] to point [4]
shown in FIG. 6. When it is selected to be point [1] or point
[4], a value that is substantially half the value of the trans-
former output voltage [kVpp] obtained when the inductance
is selected to be the optimum value is outputted.

As hereinbefore explained, in the present invention, the
design is such that an oscillating wave generated by the sec-
ondary side leakage inductance of the pulse transformer and
the capacitance of the capacitive load does not resonate with
the repetition period of the whole triangular wave-shaped
waveform shown as ‘[9] DBD load output’ shown in FIG. 2,
but preferably has half a cycle that is comparable to the pulse
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width T, of the pulse-shaped component at the beginning of
the triangular wave-shaped waveform. Because of this, as
shown in FIG. 6 to FIG. 9, the peak value of the voltage
applied to the capacitive load 1 is greatly increased.

In the case of the present invention, even when the repeti-
tion period of the positive peak and the negative peak applied
to the capacitive load 1 is changed, it is unnecessary to change
the above-mentioned condition given by L,=(t,/m)*x(1/C,).
That is, even if the pulse repetition period is freely changed,
a voltage with a high peak value is applied.

This shows that the arrangement in which the duty ratio is
changed according to the size of the DC current component,
which is explained by reference to FIG. 1, does not have an
undesirable influence.

Needless to say, in those shown by Patent Document 1 and
Patent Document 2, the period of the resonant frequency
occurring due to the capacitance and the inductance occurring
in the circuits in Patent Document 1 and Patent Document 2
above is made equivalent, 1 to 1, to the repetition period of the
positive peak and the negative peak applied to the capacitive
load 1.

The invention claimed is:

1. A device for applying a high voltage using a pulse
voltage that applies a high voltage having a steep leading edge
to a capacitive load, comprising:

a pulse transformer;

a switching circuit that supplies a pulse wave having a steep
leading edge to the capacitive load via the pulse trans-
former,

the switching circuit having a plurality of switching ele-
ments that are turned ON/OFF by gate control;

an oscillator circuit configured to generate a signal having
apredetermined duty ratio of a%, a duty ratio 0f 0%, and
at least an intermediate duty ratio of f(a>p>0) % that is
between said duty ratio of 0% and a duty ratio of 0%;
and

a short pulse generation circuit that generates a short pulse
corresponding to an ON voltage only during a predeter-
mined period corresponding to a leading edge of a rect-

angular pulse output from said oscillator circuit,
wherein

the switching elements are gate controlled based on said
short pulse,

an output from the switching circuit applies a voltage to the
capacitive load via the pulse transformer, and

a secondary side leakage inductance L, of the pulse trans-
former has a value such that half a cycle of oscillating
voltage generated by the secondary side leakage induc-
tance of the pulse transformer and the capacitance of a
capacitive corresponds to a pulse width T, of an ON
period when at least one of the switching elements is
turned ON/OFF; wherein

the value of the secondary side leakage inductance L, ofthe
pulse transformer and a value of the pulse width t, of the
pulse wave are given so as to satisfy the following equa-
tion

Li=(wo/m?x(1/C))

wherein C,: capacitance of the capacitive load.

2. The device for applying a high voltage using a pulse
voltage according to claim 1, wherein, with regard to a DC
current component flowing into the switching circuit, the
oscillator circuit is arranged so as to take one of a predeter-
mined duty ratio of a%, a duty ratio of 0%, and at least an
intermediate duty ratio of p (a>p>0) % that is between said
duty ratio of a% and the duty ratio of 0% based on the value
of'a larger voltage component which is the larger of a propor-



US 9,130,480 B2

9

tional voltage component that is proportional to said DC
current component, and an integrated voltage component that
is said DC current component integrated with a predeter-
mined time constant.

3. A method of applying a high voltage using a pulse
voltage, the method applying a high voltage by a device in
which, in order to use a pulse voltage that applies a high
voltage having a steep leading edge to a capacitive load,

a switching circuit supplying a pulse wave with a steep
leading edge via a pulse transformer and having a plu-
rality of switching elements that are turned ON/OFF by
gate control is used together with

an oscillator circuit configured to generate a signal having
apredetermined duty ratio of a%, a duty ratio 0of 0%, and
at least an intermediate duty ratio of p (a>>0) % that is
between said duty ratio of a% and said duty ratio of 0%,

the device being arranged so that a short pulse is generated
that generates an ON voltage only during a predeter-
mined period corresponding to a leading edge of a rect-
angular pulse output from said oscillator circuit, the
switching elements are gate controlled based on said
short pulse, and

an output from the switching circuit applies a pulse voltage
to the capacitive load via the pulse transformer,

characterized in that

a value for a secondary side leakage inductance L, of the
pulse transformer and a value for a pulse width T, of the
pulse wave are given so as to satisfy the following equa-
tion

Li=(ty/my’x(1/C})
wherein C,: capacitance of the capacitive load.
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